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bstract
orcelain stoneware tile polishing is a process that adds value to ceramic tiles due to the high gloss achieved upon reducing surface roughness.
owever, surface polishing removes a fine layer of the product, revealing numerous “closed” pores initially located inside the material, which may
ompromise some of its properties such as stain resistance. The literature indicates a possible orientation of pores on surfaces parallel to that of the
se of the product. Based on this hypothesis, the present work aimed to evaluate how the thickness of the layer removed by polishing acts upon the
rofile of exposed surface pores, and hence, on the stain resistance of the product. The results of this study are novel and reveal that the staining
endency of porcelain stoneware tile can be altered significantly by varying the conditions of the surface wear produced by polishing.
2010 Elsevier Ltd.
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. Introduction
Sintered products are polished in order to reduce their sur-
ace roughness and increase their gloss, giving them esthetic
haracteristics that are highly valued by the consumer. The pol-
shing process consists of using a machine equipped with several
igh-speed buffer heads composed of abrasive materials that
olish the product under controlled speed and in the presence of
ater.1,2
During polishing it is inevitable that the volume of pores that
emain on the surface of the finished product will increase. The
emoval of a fine surface layer, which normally varies from 0.5
o 1.5 mm depending of the tile’s characteristics (specially cur-
ature and decoration process), reveals a new surface composed
f numerous open pores that were previously “closed” inside
he material. These pores appear distributed throughout the sur-
ace of the product, and are visible under low magnification
icroscopy.3–5
Some of the variables of the polishing process may alter the
haracteristics of the final surface of the product, affecting its
∗ Corresponding author. Tel.: +55 16 33617980; fax: +55 16 33615404.
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Open access under the Elsevier OA license.echnical and esthetic performance. Recent studies based on the
peed and rate of polishing machines have revealed that the oscil-
ations of the transversal and lateral movements of the buffer
eads used in the kinematics of the industrial polishing process
odify the area of the product’s effectively polished surface and
ts gloss.6,7
Experiments conducted by ARANTES8 indicated that the
ores in porcelain stoneware tile can be oriented in the press-
ng stage, showing a porosity gradient along the cross section
f the product. This information is not supported by other
nvestigations, but if those findings can occur under determined
onditions, it can be concluded that another important variable
o be considered is the thickness of the surface layer removed by
olishing. In this case, variations in the thickness of the removed
ayer could modify the profile of the pores revealed at the sur-
ace, since the volume, size and morphology of pores would
iffer in each wear situation evaluated. Hence, the product’s
tain resistance should also undergo changes, for this property
s intrinsically dependent on the characteristics of the surface
ores.9–13The literature offers diverging opinions about the character-
stics of pores responsible for staining. Some authors believe
hat staining is related to the presence of pores with diameters
f 15–60m.13 Other authors are of the opinion that only pores
6 pean Ceramic Society 31 (2011) 665–671
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ith diameters of less than 10m do not contribute to staining.10
owever, the results of some works indicates that the staining
s dependent on the diameter of pores on the polished surface of
he products, and that to minimize this phenomenon requires the
limination of pores with diameters of 5–20m.9,12,14 In fact,
he presence of large pores (>30m) facilitates the removal of
taining agents by the cleaning processes. In contrast, in the case
f very small pores (<5m), the penetration of the staining agent
s hindered.10
The purpose of the present work was to ascertain if the thick-
ess of the layer removed by polishing can modify the superficial
orous microstructure and stain resistance of the final surface of
orcelain stoneware tile. This study is also expected to contribute
o the literature on the theme.1–14
. Materials and methods
A type of commercial polished porcelain stoneware tile called
TD was selected as the object of this study. STD is white and
s known to be vulnerable to staining.
.1. Physical characterization of porosity
Test specimens were removed from commercial polished
TD tiles by precision cutting with a diamond disc cutter. The
est specimens were then subjected to ultrasonic cleaning for
0 min and dried at 110 ◦C for 24 h. After this preparation, the
ollowing values were determined:
water absorption (AA) by the boiling water method for 2 h,
according to the ISO 10545-3 standard15;
apparent porosity (εA) determined by the Archimedes princi-
ple;
total porosity (ε) and closed porosity (εF), determined by the
following equations:
= 1 −
(
ρC
ρR
)
(1)
F = ε− εA (2)
here ρC is the apparent density and ρR corresponds to the abso-
ute density (determined by helium pycnometry-Quantachrome
ltrapycnometer 1000). Ten test specimens of the STD sample
ere used for the porosity tests.
.2. Characterization of surface and cross-section porosity
Test specimens from each evaluated section (surface and
ross section) were removed from randomly selected regions
f the unpolished tiles. The test specimens were then sanded
nd polished to expose the closed pores of the material, using an
utomatic system with water, composed of a rotary disc and a
eries of five sanding and polishing pads.16 On the surface, the
olishing was performed to obtain three distinct wear situations:
emove a surface layer of 0.5 mm, 1.0 mm and 1.5 mm.
i
b
r
uig. 1. Mean surface roughness parameter (Ra) of: (a) glazed ceramic tile and
b) polished porcelain stoneware tile.
The porous microstructure of the test specimens was exam-
ned in digital images (micrographs) obtained by scanning
lectron microscopy (SEM, Leo Stereoscan 440).
The digital images were analyzed using Image-Pro 4.5 soft-
are, enabling the percentage corresponding to the area covered
y pores to be determined in relation to the total area of the
mages analyzed, as well as their diameter distribution and mor-
hological aspects (aspect ratio).
.2.1. Analysis of porosity by mechanical proﬁlometry
The mechanical profilometry technique was employed to
easure the surface roughness (Ra) and indirectly evaluate
he product’s pore profile, in view of its magnitude.17 Mean
oughness (Ra), which is the parameter most widely used as an
ndicator of the roughness of a surface, can be calculated from
he arithmetic mean of the absolute values of the heights of the
oints that make up the profile in relation to the median line
ML), as illustrated in Fig. 1a. The equipment (Perthometer S8P
.51) has a conical probe with a fine tip with angle of 40◦ and
m radius.
In the analysis of a glazed ceramic tile, both the peaks and the
alleys contribute to the calculation of Ra (Fig. 1a). However,
onsidering that the samples under study are polished, only the
alleys determine the Ra value (Fig. 1b). In this work, the valleys
ere associated with the pores of the polished surface.
In this study, the surface test specimens that were subjected
o progressive surface wear were tested in sample lengths of
0 mm, at a probe rate of 1 mm/s. Five measurements were taken
f each test specimen.
.3. Evaluation of stain resistance
The surface test specimens that underwent progressive wear
ere subjected to the stain resistance test prescribed by the ISO
0545-14 standard.18 The staining agents used here were chrome
reen (oily solution containing 40 wt% of Cr2O3 – as recom-
ended by the standard) and earth (aqueous solution containing
0 wt% of red earth – simulating conditions found in everyday
ituations).
The intensity of the stains was evaluated from the difference
n colorE*, of the surface prior to staining and after the clean-
ng steps applied on the region where the staining agents had
een applied.19 The values of E* were determined by diffuse
eflectance spectrophotometry (Konica Minolta CM–2600d),
sing a standard 10◦ colorimetric observer and a standard
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65 light source (equivalent to daylight). The higher the
alue of E* the more intense the stain observed on the
urface.
Determination of stain intensity by spectrophotometry has
roved very efficient in the evaluation of the staining tendency
f ceramic tiles, according to recent works.4,19,20
. Results and discussion
Table 1 lists the results of the physical characterization of
orosity of STD. Note that although the values of AA and εA
re low, closed porosity εF is high, which may impair some of
he properties of the polished product.
.1. Progressive surface wear
The results indicated changes in the porous microstructure
f STD in response to variations in the thickness of the layer
emoved by polishing.Fig. 2 shows micrographs of the STD surfaces before and
fter polishing in the laboratory ((a) no polishing; (b) 0.5 mm
ayer removed; (c) 1.0 mm layer removed; and (d) 1.5 mm layer
emoved). A comparison of the micrograph in Fig. 2a and the
able 1
haracterization of the porosity of STD test specimens.
ample WA (%) εA (%) εF (%) εa (%)
TD 0.03 ± 0.02 0.08 ± 0.05 10.60 ± 0.08 10.68 ± 0.19
a The value of ρR obtained for the calculation of ε was 2.750 g/cm3.
i
l
t
T
A
A
W
3ce, (b) wear of 0.5 mm, (c) wear of 1.0 mm, and (d) wear of 1.5 mm.
ther micrographs in Fig. 2 reveals the opening of the closed
ores caused by polishing.
The analysis of the images revealed that the area occupied by
he pores did not vary significantly with the increasing thickness
f the layer removed by polishing, as indicated by the data in
able 2. However, as the wear advanced into the sample, there
as a decrease in the occurrence of pores with critical stain diam-
ters, i.e., between 5 and 20m (Fig. 3).9,12,14 The tendency for
pherical shapes also increased with progressive polishing, as
ndicated in the graph in Fig. 4.
It is important to note that the software Image-Pro 4.5 accu-
ately determines the number total of pores that the image has,
ut when the pores have diameter below 5m the determina-
ion of the characteristics such as mean diameter, aspect ratio
nd area, becomes limited because the accurate definition of the
ore is not good. This way, the graphics of the distribution of
ore sizes (Fig. 3) and distribution of the aspect ratio (Fig. 4)
annot represent the pores smaller than 5m. However, since
he total number of pores of the images is accurately determined,
t is possible to quantify the percentage of pores with diameters
ess than 5m. As the particles of staining agents have difficulty
o penetrate in the pores with diameters smaller than 5m, as
able 2
rea of surface pores.
rea of coverage of surface pores/total area of the image (%)
ear of 0.5 mm Wear of 1.0 mm Wear of 1.5 mm
.3 ± 0.2 3.3 ± 0.2 3.7 ± 0.3
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Fig. 3. Distribution of surface pore diameters of STD after progressive wear.
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Fig. 4. Aspect ratio distribution of STD surface pores after progressive wear.
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Fig. 5. SEM micrographs of the cross section of STD: (a) region close to the original sur
and (c) internal region of the product, immediately below (b) (1.0–1.5 mm).Ceramic Society 31 (2011) 665–671
iscussed in item 1, the inability to evaluate the characteristics
f these types of pores does not compromise the results obtained
y image analysis.
The data presented in Table 2 indicate that the percentage
elated to the area of pores of the images analyzed (3–4%) is
uch lower than the percentage of pores determined by density
easurements (about 10%), according to the values in Table 1.
his can be explained by the fact that 6–7% of total porosity of
he product have a diameter less than 5m, and therefore were
ot determined by image analysis.
.2. Analysis of the cross section
Fig. 5 shows some micrographs of the cross section: (a)
orresponding to the region closest to the original surface of
he unpolished product (<0.5 mm); (b) the region below (a)
0.5–1.0 mm); and (c) the region farthest from the original sur-
ace, immediately below (c) (1.0–1.5 mm). Figs. 6 and 7 show
he results, which represent the mean obtained from the analysis
f 16 images of each region, taken from different test specimens.
An analysis of Fig. 6 indicates increasing pore size in the
ross section as the distance from the original surface of unpol-
shed product increases. This increase in pore size apparently is
ccompanied by an increment in the area occupied by the pores
n the direction of the center of the tests specimens (Table 3). It
s important to note that the figures presented in Table 3 corre-
pond to the sum of the area of pores with diameters larger than
m.
face of the unpolished sample (<0.5 mm), (b) intermediary region (0.5–1.0 mm),
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Table 3
Area corresponding to the pores in the cross section.
Area of coverage of the pores in the cross section/total area of the image (%)
Region close to the original surface (<0.5 mm) Intermediary region (0.5–1
2.9 ± 0.2 3.3 ± 0.2
10 100
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In other words, as one advances from the surface into the
nterior of the ceramic body, the area occupied by the pores
ay increase by up to 70%, indicating the existence of a kind
f “porosity gradient” along the cross section. These data were
btained by image analysis, where errors can be high. However,
n this case, the differences are sufficiently high to allow these
onclusions. Another important factor is that the area of pores in
egions immediately below the polished surface (cross section-
egion < 0.5 mm) is approximately 25% smaller than the area of
ores on the polished surfaces, as can be seen from the data in
ables 3 and 2, respectively.
There is also an increasing tendency for spherical shapes
s the distance from the surface increases, with a higher con-
entration of elongated pores in regions close to the surface
Fig. 7).
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ig. 7. Distribution of the values of the aspect ratio of pores in the cross section
f STD.
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1.0 mm) Region most distant from the original surface (1.0–1.5 mm)
4.3 ± 0.2
The difference between the values of the areas occupied by
urface pores and cross section pores, as well as the morpho-
ogical variations observed, may be related to the orientation
more elongated and flattened) of the pores during the compact-
ng stage.8,13,20 In this case, pressing of the atomized powder
laces greater strain on the surface pores, thus subjecting them
o greater distortion since they are closest to the areas under
echanical loading. This leads to a buffer effect of the com-
action pressure, which cannot so effectively reach the center of
he body where the pore shape and size remain closer to what
hey were when the mold was filled. This explains why the anal-
sis of both the surface (item 3.1) and the cross section indicated
hat the pores most distant from surface of the product displayed
higher tendency for sphericity. The orientation of the pores also
xplains their size variation along the ceramic body, since the
esults indicated that the most oriented pores (close to the sur-
ace) presented larger diameters when observed at the surface
Fig. 3) and smaller diameters when observed in the cross section
Fig. 6).
.3. Determination of pore proﬁles based on surface
oughness measurements
Table 4 lists the values of Ra obtained under the different
ear conditions evaluated here. Based on the results found in
he analysis, the diameter distribution of surface pores was also
etermined, as shown in Fig. 8.
The results indicated that an increase in the thickness of the
ayer removed by polishing (progressive wear) is accompanied
y an increase in Ra and a decrease in mean pore diameter.
his means that the closer to the original surface of the sample
unpolished) the lower the mean pore depth (lower Ra) and the
igher the mean pore diameter, i.e., greater pore orientation. As
ne advances toward the center of the body, the mean pore depth
nd diameter decrease, since there is less pore orientation.
Ra is a measure of deviation from the median line (ML) in
he vertical direction. Therefore, it has more relation with the
isplacement of the conical tip down or up through the surface
f the product than the number of pores examined. As in pol-
shed porcelain the movement is never up, we can say that the
able 4
ean roughness (Ra) of the surfaces of STD obtained with different wear
onditions.
urface wear Ra Number of pores measured
.5 mm 0.246 ± 0.004 43 ± 2
.0 mm 0.286 ± 0.003 42 ± 3
.5 mm 0.375 ± 0.007 43 ± 2
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ig. 8. Pore diameter distribution determined by mechanical profilometry.
ncrease of Ra is related to increased depth of the pores. More-
ver, the number of pores measured in the sections evaluated is
imilar (inserted column in Table 4), not being a variable to be
onsidered in this case.
These results are consistent with those described in Sections
.1 and 3.2, and indicate that the image analysis and mechanical
rofilometry techniques can be used jointly to characterize the
orosity of polished ceramic tiles, although the minimum pore
ize detectable by the techniques is equal to 5m and 10m,
espectively.
.4. Staining tendency
As can be seen in Fig. 9, the intensity of the stain decreased
decrease of the value of E*) as the thickness of the layer
emoved by polishing increased, since there was a significant
eduction in the percentage of pores with critical staining diam-
ters, i.e., between 5 and 20m.The results indicated that the thickness of the layer removed
y polishing can alter the intensity of the stains visible on the
urface. In the case of the analyzed product, the removal of a
.5 mm layer from the surface by polishing contributed more to
28 29 30 31 32 33 34 35 36 37 38 39 40
1.0
1.5
2.0
2.5
3.0
3.5
        Surface wear
         0.5 mm
         1.0 mm
         1.5 mm
ΔE
*
Spherical equivalent pore diameter
           from 5 to 20 µm (%)
ig. 9. Variation in stain intensity according to the percentage of pores with
ritical staining diameters, generated under distinct conditions of surface wear.
RCeramic Society 31 (2011) 665–671
educe the intensity of stains than the removal of 0.5 mm. The
ariations in stain intensity, in turn, are explained by the distinct
istributions of pore diameters and of aspect ratios presented by
he different surfaces generated after each wear stage applied.
n this case, the situation in which the area of pores remains
ractically unchanged with progressive surface wear may indi-
ate a kind of pore orientation possibly caused by gradients in
he deformation of the atomized granules generated during the
ompaction of the powder.
. Conclusions
The following conclusions can be drawn based on the results
f this study:
The thickness of the layer removed by polishing may affect
the intensity of the stains observed on the surface of porcelain
stoneware tile, since pore size distribution and morphology
change from the surface toward the center of the ceramic body.
The best condition was one in which there was a removal of
a layer of 1.5 mm from the surface by polishing.
As for the characterization of porosity in the cross section of
the samples, the results underpin the following assumptions:
◦ The pores closest to the surface of the product undergo ori-
entation (more elongated and flattened), probably caused
during the compaction stage. In this case, the lower the
thickness of the layer removed by polishing the higher the
intensity of visible stains, since this type of porosity more
oriented contributes to increase the tendency for staining.
◦ There are differences in the characteristics of pores along
the thickness of the material, which confirms the pore orien-
tation caused in the compaction stage. In the cross section
examined by SEM, the pores in the region closest to the
center of the ceramic body occupy a larger area than in
the regions closer to the original surface of the unpolished
product. This is explained by the gradual decrease in pore
orientation from the surface toward the center.
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